study question: Is there a relationship between body mass index (BMI), body shape and endometriosis? summary answer: Endometriosis is inversely associated with early adult BMI and may correlate with a peripheral body fat distribution. what is known already: The literature suggests an inverse relation between endometriosis and BMI, although few studies have specifically explored this association in depth. study design, size, duration: Prospective cohort study using data collected from 116 430 female nurses from September 1989 to June 2011 as part of the Nurses' Health Study II cohort.
Introduction
Endometriosis is estimated to affect 1 in 10 reproductive aged women (Giudice, 2010) . Accounting for health-care expenditures and loss of productivity, annual costs of endometriosis in the United States are thought to exceed $49 billion (Simoens et al., 2012) . Despite its significant impact on the health-care system, many of the genetic, lifestyle and anthropometric factors that predispose a woman to endometriosis remain poorly elucidated. Reproductive factors such as early menarche Han et al., 1994; Signorello et al., 1997; Missmer et al., 2004a,b; Matalliotakis et al., 2008 ) and short menstrual cycle length (Cramer et al., 1986; Matorras et al., 1995; Sangi-Haghpeykar and Poindexter, 1995; Arumugam and Lim, 1997; Moen and Schei, 1997; Matalliotakis et al., 2008) have been associated more consistently with increased risk of the disease.
Among the most consistent relations in the literature is the inverse association between endometriosis and a woman's current body mass index (BMI) (Cramer et al., 1986; Darrow et al., 1993; Signorello et al., 1997; Missmer et al., 2004a,b; Parazzini et al., 2004; Ferrero et al., 2005; Hediger et al., 2005) . This was first identified in small casecontrol studies McCann et al., 1993; Signorello et al., 1997) as well as by early data from the Nurses' Health Study II (NHS II), an ongoing prospective cohort study of American nurses that began in 1989. Analysis of the first 10 years of data as part of a broader study of demographic, anthropometric and lifestyle risk factors revealed an inverse relation between endometriosis and BMI at age 18 among all women as well as current BMI in the subset of infertile women (Missmer et al., 2004a,b) . Since then, there have been additional case-control studies supporting this conclusion (Ferrero et al., 2005; Matalliotakis et al., 2008; Nagle et al., 2009 ), although few have been designed to specifically address the association between BMI and endometriosis, and none has been able to account for changes in an individual's weight and associated covariates over time. We now have over 20 years of data on .100 000 women from the NHS II, making it the largest prospective study to date and affording the power to conduct subgroup analyses that may better elucidate the nature of this association. We have, therefore, conducted an updated analysis within NHS II, designed specifically to explore the effect of BMI and other anthropometric characteristics on the rate of laparoscopically confirmed endometriosis.
Methods
Data were collected in the NHS II cohort from September 1989 to June 2011. A total of 116 430 female registered nurses aged 25 -42 and residing in one of 14 states in the United States completed the baseline questionnaire in 1989. Questionnaires are updated and mailed biennially with over 90% follow-up of the cohort in each 2-year interval. The study was approved by the Institutional Review Boards of the Harvard School of Public Health and Brigham and Women's Hospital, Boston, Massachusetts.
Assessment of outcome
Women were first asked whether they 'ever had physician-diagnosed endometriosis' in 1993, and if so, when the diagnosis occurred and whether it was laparoscopically confirmed. The same question was asked in each subsequent cycle. Incident cases of endometriosis were restricted to women who reported laparoscopically confirmed disease.
To assess the validity of self-reported endometriosis, supplementary questionnaires were mailed to 200 women randomly selected from 1766 cases who had reported an incident diagnosis of endometriosis up to that time. These validation methods have been described in detail in prior publications (Missmer et al., 2004a,b) . In brief, 100% of nurses who reported that they underwent a laparoscopy were indeed confirmed to have undergone this procedure. Among those reporting that endometriosis was visualized at the time of surgery, 96% were validated within the operative report with the other 4% all having evidence of receiving post-operative treatment for presumed endometriosis.
This case definition results in a complex interplay between endometriosis and infertility status. The baseline prevalence of infertility (attempting pregnancy ≥1 year without success) was greater among women with laparoscopically confirmed endometriosis (20%) compared with those diagnosed without laparoscopy (4%). Many of these women may have been diagnosed only with endometriosis during an infertility workup. By contrast, women without infertility who were diagnosed with endometriosis presumably presented with pain that prompted surgical evaluation. Because endometriosis in infertile women is more often indicative of asymptomatic disease, the risk factors for endometriosis with infertility may differ from those for endometriosis without infertility. Analyses were therefore stratified by infertility history.
Assessment of anthropometric characteristics
Weight at age 18 and current weight and height were reported on the baseline questionnaire, and current weight was updated every 2 years. BMI was calculated as weight in kilograms over height in meters squared (kg/m 2 ). The validity of self-reported height and weight at age 18 was evaluated using medical records at the time of a nurses' entry into college or nursing school. The validity of self-reported weight was reassessed at multiple time points in the NHSII cohort; correlations between reported and measured height and weight were 0.94 and 0.87, respectively (Troy et al., 1995) .
The 1993 questionnaire instructed participants how to measure their waist and hip circumference. The validity of self-measurement has been previously confirmed using standardized measurement taken by study researchers. Pearson's correlations were 0.89 for waist and 0.84 for hip measurement (Rimm et al., 1990) .
BMI was categorized based on the World Health Organization classification into underweight (,18.5 kg/m 2 ), normal weight (18.5 -24.9 kg/m 2 ), overweight (25-29.9 kg/m 2 ) and obese (≥30 kg/m 2 ). Epidemiologic studies examining the relation between obesity and coronary heart disease and ovulatory infertility (Rich-Edwards et al., 2002) observe elevated risk starting at the upper range of normal BMI. The normal BMI range was, therefore, subdivided into lower (18.5 -22.4 . Waist circumference was broken into quartiles (22 -29.9 cm, 30 -32.9 cm, 33 -37.9 cm and 38 -65 cm) and height into quintiles (40 -62 in, 63 -64 in, 65 -66 in, 67 -68 in, 69 -85 in) . Waist-to-hip ratio was categorized into five groups (,0.60, 0.60 -0.69, 0.70 -0.79, 00.80-0.89, ≥0.90 ) based on the distribution of the data.
Assessment of covariates
Each questionnaire cycle collected data on factors thought to be potential confounders or modifiers of the relation between body size and endometriosis, including age at first birth (,20 years, 20 -29 years, 30 -39 years, ≥40 years), time since last birth (≤1 year, 1 -5 years, 5 -10 years, ≥10 years), parity (nulliparous, 1, 2, 3, ≥4 pregnancies), smoking status (never, past, current), alcohol use (none, 0-5 gram per day, 5.01-10 grams per day, .10 g per day), infertility history (yes/no) and oral contraceptive use (never, past, current). The 1993 questionnaire included specific questions regarding a participant's menstrual history, including current menstrual cycle length (,21 days, 21 -25 days, 26 -31 days, 32 -29 days, ≥40 days) and current menstrual pattern (regular, usually irregular, always irregular, no menses). In the 1989 questionnaire, participants were asked to recall the length of their menstrual cycles at age 18-22, the pattern of their menstrual cycles both at age 18 -22 and in high school and their age at menarche (≤11 years, 12 -13 years, ≥14 years). Race (White, Black, Asian, other) was assessed in 1989, birthweight (pre-term, ,5.5 lbs, 5.5-6.9 lbs, 7 -8.4 lbs, .8.4 lbs) was assessed in 1991 and ethnicity (Hispanic, not-Hispanic) was assessed in 2005.
In 1989, participants were also asked to recall their body size at ages 5 and 10 years using a previously described 9-level figure drawing where the first category represents the most lean body shape and the ninth represents the most obese (Vitonis et al., 2010) . The averages of each participant's figures at ages 5 and 10 years were used to obtain an estimate of childhood body size. As previous studies have identified an inverse association between childhood body size and incidence of laparoscopically confirmed endometriosis that is independent of adult BMI (Vitonis et al., 2010) , we conducted a sub-analysis to evaluate the impact of childhood body size on the association between endometriosis and current BMI. Additional analyses were conducted using current BMI as the primary exposure while adjusting for BMI at age 18 and using BMI at age 18 as the primary exposure while adjusting for current BMI.
Inclusion and exclusion criteria
Women who reported a history of endometriosis before 1989 were excluded. Analyses were limited to premenopausal women with intact uteri, given the rarity of incident endometriosis after hysterectomy or menopause. Women were also censored upon report of malignancy other than non-melanoma skin cancer.
Statistical methods
Person-time expressed as woman-months was calculated from the time of entry into the cohort until the time of self-reported, laparoscopically confirmed endometriosis, fulfillment of a censoring criterion or until the end of the follow-up period.
Multivariable incidence rate ratios (RR) with 95% confidence intervals (CI) were calculated using time-varying Cox proportional hazards models, which are designed to simultaneously account for a participant's age as well as calendar time. Other potential risk factors for endometriosis were considered to be confounders if their inclusion in the model changed the RR of the main effect by .10% (Greenland, 1989) . These potential confounders included: parity, race, ethnicity, birthweight, age at menarche, length of menstrual cycle (currently and at age 18 -22 years), pattern of menstrual cycle (currently, at age 18 -22, and in high school), age at first birth, time since last birth, current alcohol use, current smoking status, infertility, use of oral contraceptives, and perceived body size at ages 5 and 10 years (Vitonis et al., 2010) . Based on these criteria, only infertility status and parity were adjusted for in the final models.
Missing anthropometric and co-variate data were handled using the missing indicator variable method (Miettinen, 1985) that retains full persontime contribution but also identified missingness that is associated with the rate of endometriosis diagnosis (i.e. not missing at random). No missing indicator for any of the main exposures evaluated was statistically significant or indicated a magnitude of effect inconsistent with the null.
Test for trend variables were set to the median value within a category and included continuously in the model. Two-sided Wald P-values ,0.05 were considered statistically significant. Effect modification (by infertility status, parity, smoking status, early menarche and low birthweight) was assessed via the likelihood ratio test comparing the model with main effects only with the model with main effects and interaction terms.
Graphs were produced using restricted cubic regression splines with knots specified at 18.5, 22.4, 24.9, 29.9, 34.9 and 39.9, with a reference value of 21 (Durrleman and Simon, 1989) . Ranges were restricted to BMI values between the 1st and 99th percentiles.
Results
A total of 116 430 female registered nurses completed the baseline questionnaire in 1989. Eight hundred and fifty-two women (,1%) were missing baseline height and weight data. The baseline prevalence of selfreported endometriosis was 6.5%. A total of 5504 incident cases of endometriosis were reported during 1 299 349 woman-years (incidence rate ¼ 385 per 100 000 woman-years). Table I presents the distribution of characteristics in the study population by BMI at baseline (1989) . As the study design allows for time-varying changes in BMI, there are women missing BMI information in 1989 who subsequently re-enter the analytic population by providing current BMI data at other time points-one of the key strengths of using a timevarying covariate model. An overwhelming majority of participants (.90%) in the NHSII cohort were Caucasian. Women of higher current BMI were on average older, had a younger age at menarche, and a longer reported menstrual cycle length.
A significant inverse trend was observed between current BMI and risk of endometriosis (Fig. 1) . Morbidly obese women with BMI.40 kg/m 2 had a 39% lower rate of endometriosis compared with the low-normal referent (95% CI ¼ 0.50 -0.75) (Table II) . When data were stratified by infertility status, the inverse association between BMI and endometriosis strengthened in the subset of infertile women (P-value, test for linear trend ,0.0001). While a linear trend was not observed among women without reported infertility, the direction of the association remained evident with a significantly higher rate of endometriosis among underweight women (RR ¼ 1.31, 95% CI ¼ 1.07 -1.60) and a significantly lower rate among morbidly obese women (RR ¼ 0.70, 95% CI ¼ 0.55 -0.88) relative to women with low-normal BMI. These associations were not confounded by race, ethnicity, birthweight, age at menarche, length of menstrual cycle (current and at age 18-22 years) and pattern of menstrual cycle (current, at age 18-22 years, and in high school), nor by the time-varying covariates of age at first birth, time since last birth, current alcohol use, current smoking status, infertility or use of oral contraceptives. In addition, there were no differential effects when data were restricted to women with a normal cycle length or stratified by age (,35 versus .35 years), low birthweight (,5.5 versus .5.5 lbs among full-term births), smoking status (ever versus never smokers), early menarche (,11 versus .11 years) or nulliparity (data not shown). When adjusted for BMI at age 18, the association between current BMI and endometriosis risk was attenuated, although morbidly obese women with BMI ≥ 40 kg/m 2 still had a 25% lower rate of endometriosis compared with the low-normal referent (95% CI ¼ 0.60 -0.95) ( and endometriosis risk remained statistically significant, but only among infertile women (P-value, test for linear trend ¼ 0.0003). A similar inverse trend was noted between endometriosis risk and BMI at age 18 (P-value, test for linear trend , 0.0001; Fig. 2 ). The association persisted in both infertile women and those without infertility, but was again noted to be stronger among women with infertility (Table II) . Although infertile women who were obese at age 18 had between a 61% (95% CI ¼ 0.22 -0.70) and an 88% (95% CI ¼ 0.02-0.88) lower risk of endometriosis compared with the referent population, only small numbers of cases underlie these associations. Adjusting for current BMI attenuated the results, but the strong inverse trend between BMI at age 18 and endometriosis risk remained statistically significant for all populations (P-value, test for linear trend ≤ 0.0006; Table II) . A subanalysis restricted to women with a normal cycle length did not alter the stratified results (data not shown).
Among women with infertility, there was an inverse trend between magnitude of weight change since age 18 and the rate of endometriosis (P-value, test for linear trend ¼0.0009). Greater waist circumference was similarly associated with a lower rate of endometriosis diagnosis only in the subgroup of women with infertility (P-value, test for linear trend ¼0.0003). There was no clear relation observed between height and endometriosis risk (P-value, test for linear trend ¼0.19, Table III) .
Waist-to-hip ratio was not found to be consistently associated with the rate of endometriosis diagnosis, and the associations did not change when stratified by infertility status. Women with the smallest waist-to-hip ratio (,0.60) were noted to have a significant 3-fold increase in the rate of endometriosis diagnosis (RR ¼ 2.78, 95% CI ¼ 1.38 -5.60), but the association was driven by only eight cases. Of note, 57 926 women had missing waist circumference measurements and were therefore excluded from analyses using waist circumference or waist-to-hip ratio as the primary exposure. However, women who did and who did not report waist circumference had similar distributions of BMI (24.5 versus 23.3 kg/m2, respectively) and rate of endometriosis diagnosis (5.5% versus 4.1%, respectively).
With all anthropometric exposures, adjustment for childhood body size had little effect on the association between BMI and endometriosis. The largest impact was seen with current BMI; adjusting for childhood body size attenuated the inverse association with endometriosis risk Figure 1 Relative risk of endometriosis by current BMI. Cubic regression spline of the relative risk of endometriosis by current BMI among 101 926 premenopausal women with current BMI data in the Nurses' Health Study II (1989 II ( -2009 Multivariable incidence rate ratios (RR) with 95% confidence intervals (CI) calculated using time-varying Cox proportional hazards models, adjusting for parity and infertility status. Test for heterogeneity was assessed using the likelihood ratio test comparing the model with main effects only with the model with main effects and interaction terms. Number of cases among infertile and that among non-infertile women may not sum to number of cases for all women due to missing data. Total number of cases differs between exposures due to the number of women who contributed data toward a given exposure. p-yrs ¼ person-years. Infertility is defined as attempting to conceive for .1 year without success. Infertility-stratified analyses are adjusted for parity.
c Test for heterogeneity comparing the effect of BMI on endometriosis risk between women with concurrent infertility and those without concurrent infertility.
by 9.4%. None of the rate ratios for the primary exposures was changed by .10%.
Discussion
This is the largest prospective study specifically designed to address the relation between body size and endometriosis. It provides strong evidence that a woman's current BMI and BMI at age 18 are significantly inversely related to the rate of laparoscopically confirmed endometriosis, although the most robust association was observed with BMI at age 18. The magnitude of both relations was stronger in the subset of women with infertility. Waist circumference and weight change since age 18 were related to endometriosis risk only in the subset of infertile women. Waist-to-hip ratio was not linearly associated with endometriosis, although women with a waist-to-hip ratio of ,0.60 may be at increased risk. It is important to note that despite the strength of evidence underlying the association between body weight and endometriosis, inferences regarding causation or the pathophysiologic processes underlying these relations cannot be made.
Although the literature has consistently demonstrated an inverse relation between endometriosis and body weight (Cramer et al., 1986; Darrow et al., 1993; McCann et al., 1993; Signorello et al., 1997; Missmer et al., 2004a,b; Parazzini et al., 2004; Ferrero et al., 2005; Hediger et al., 2005; Nagle et al., 2009) , there is no consensus as to whether a lean body type is the cause of endometriosis or a result of the disease. A case -control study looking at self and mother-reported childhood BMI demonstrated increased risk of endometriosis in overweight girls (AOR ¼ 2.8, 95% CI ¼ 1.1 -7.5) (Nagle et al., 2009) , whereas prior investigation within the NHSII cohort suggested a persistent inverse relation between childhood body size and endometriosis risk (Vitonis et al., 2010) . In the present study, it appears that the inverse association between current BMI and endometriosis is largely driven by a woman's BMI at age 18, suggesting that there is an etiologically relevant 'early window of exposure' during which higher body size reduces an individual's subsequent risk of developing endometriosis. A similar risk profile has been noted with disease states such as premenopausal breast cancer that also exhibit an inverse association with childhood and adolescent body size (Trentham-Dietz et al., 1997; Harris et al., Figure 2 Relative risk of endometriosis by BMI at age 18. Cubic regression spline of the relative risk of endometriosis by BMI at age 18 among 101 127 premenopausal women with BMI at age 18 data in the Nurses' Health Study II (1989 II ( -2009 , adjusting for age, infertility status and parity. Dashed lines represent 95% confidence intervals.
.. ................................................................ ................................................................... ..................................................................   ..................................................................................................................................................................................................................................................... Multivariable incidence rate ratios (RR) with 95% confidence intervals (CI) calculated using time-varying Cox proportional hazards models, adjusting for parity and infertility status. Test for heterogeneity was assessed using the likelihood ratio test comparing the model with main effects only with the model with main effects and interaction terms. Number of cases among infertile and that among non-infertile women may not sum to number of cases for all women due to missing data. Total number of cases differs between exposures due to the number of women who contributed data toward a given exposure. p-yrs ¼ person-years.
b
Infertility is defined as attempting to conceive for .1 year without success. Infertility-stratified analyses are adjusted for parity.
2011). Given the prospective design of the NHSII cohort, one can reasonably conclude based on the results of the present study that the impact of BMI on endometriosis risk precedes the diagnosis of the disease. It is harder to confirm that the impact of body size on endometriosis truly precedes the onset of disease-given the inherent impossibility of identifying the precise time point at which endometriosis first appears.
Among the most interesting findings of this study was the consistently stronger association between body size and the rate of endometriosis diagnosis in the subset of infertile women and the comparative absence of such associations in women without reported infertility. The NHSII had previously identified infertility status as an effect modifier for endometriosis risk (Missmer et al., 2004a,b) , but this has not been addressed by other investigators since then. One possible explanation for this phenomenon is that the prevalence of polycystic ovary syndrome (PCOS) is likely to be higher among obese infertile women compared with normal-weight infertile women or obese women without infertility. The original diagnostic criteria for PCOS adopted by the National Institutes of Health in 1990 included oligo-or anovulation as well as clinical or biochemical evidence of hyperandrogenism. Although lean variants exist, the characteristic PCOS phenotype is manifested by an obese, oligoovulatory, infertile woman. The observed negative association between PCOS and endometriosis is thought to be a consequence of both anovulation and the hyperandrogenic state (Barbieri, 1990) . Women with PCOS may be 'protected' against endometriosis via multiple mechanisms; persistent anovulation may decrease volume of retrograde menstruation, and a hyperandrogenic environment may retard lesion growth (Selak et al., 2001) . Unfortunately, PCOS was poorly quantified in the NHSII cohort due to ambiguity in its clinical definition across time, precluding us from definitively addressing this hypothesis in the present study. As a proxy for the presence of PCOS, however, we did conduct subanalyses restricted to women with a normal cycle length, the results of which did not alter the original stratified results. It has also been suggested that the inverse relation between endometriosis and obesity is due to diagnostic bias-physicians may be less likely to recommend operative intervention to obese women with pelvic pain, reducing the likelihood that these patients would obtain a laparoscopic diagnosis of endometriosis. If this were the case, one would expect to see a stronger inverse relation between BMI and endometriosis among women presenting with pain rather than infertility. The strength of the association among infertile women in our data, however, does not support this hypothesis. An alternative explanation is that increased body weight masks pain symptoms, therefore resulting in less frequent diagnosis of endometriosis. Again, the strength of the inverse association in the subset of infertile women refutes this hypothesis. Moreover, although there are isolated reports of reduced post-operative pain in obese women (Cadish et al., 2010) , the literature generally supports a strong relation between obesity and chronic pain conditions, including osteoarthritis and low back pain (Stevens-Lapsley and Kohrt, 2010; Wright et al., 2010) .
A principal strength of the present study is the prospective design of the NHSII cohort, which avoids many of the limitations of casecontrol studies with respect to appropriate control selection (Missmer and Cramer, 2003; Missmer et al., 2004a,b) . Given the invasive nature of endometriosis diagnosis, research controls are often selected from women undergoing laparoscopy for other indications such as tubal ligation, a group that is unlikely to represent the general population at risk of the disease. The prospective cohort design avoids this selection bias by following a group of people without the disease of interest who differ from each other in terms of the exposure in question. Although women with undiagnosed endometriosis certainly remain in the comparison population even in a prospective study, the community prevalence of endometriosis in an asymptomatic population is thought to be ,2% and this group is, therefore, unlikely to contain substantial numbers of undiagnosed cases (Zondervan et al., 2002) . Moreover, the characteristics of this small proportion of undiagnosed cases are diluted among the .90 000 women accurately defined as being endometriosis-free and are, therefore, unlikely to impact on effect estimation. A second benefit of the prospective cohort is the ability to account for exposures that vary with time in a given individual. For example, as a woman's weight changes, she is able to contribute persontime to more than one exposure category.
Epidemiologic studies examining the relation between obesity and coronary heart disease and ovulatory infertility (Rich-Edwards et al., 2002) have demonstrated changes in risk profile across the full range of BMI, with increased risk evident at a BMI of 22.5 kg/m 2 . The large sample size of the NHSII cohort afforded the opportunity to subdivide the normal BMI range into lower (18.5-22.4 kg/ m 2 ) and upper (22.5-24.9 kg/m 2 ) categories. The present data suggest that a similarly nuanced relationship may exist with endometriosis, as the inverse relationship between BMI and endometriosis is evident even at the upper end of the normal BMI range. The NHSII cohort does not collect information regarding stage of endometriosis. As disease severity has not been shown to correlate with symptoms (Porpora et al., 1999) or prognosis, there is little reason to believe that it is significantly correlated with body size. Although it is possible that the requisite laparoscopic confirmation preferentially selects more 'severe' cases of endometriosis by overlooking women with asymptomatic or medically controlled disease, studies have failed to demonstrate increased severity of endometriosis among women with laparoscopically confirmed disease (Sangi-Haghpeykar and Poindexter, 1995) . Indeed, the prevalence of stage I/II (minimal/ mild) disease within the NHSII has been estimated to be 61% based on surgical record abstraction.
Like any epidemiologic or clinical study, data from the NHSII are limited by any inaccuracy in its collection. All data are self-reported. However, per several published validation studies, the exposures, outcome and covariates have been demonstrated to have a very low proportion of misclassification. Many of these concerns are in part obviated by the relative accuracy and reliability of nurses in measurement and reporting.
With over 20 years of follow-up among .100 000 women, this study confirms the robust inverse association between body size and endometriosis, taking into account potential confounders and effect modifiers. Further work will need to focus on elucidating underlying biologic relations that contribute directly to the initiation and promotion of endometriosis.
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